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Abstract The predicted increase in atmospheric CO2
concentration for this century is expected to lead to
increases in temperature and changes in litter quality that
can affect small woodland streams, where water tempera-
ture is usually low and allochthonous organic matter con-
stitutes the basis of the food web. We have assessed the
individual and interactive effect of water temperature (5
and 10C) and alder litter quality produced under ambient
CO2 levels (ambient litter) or under CO2 concentrations
predicted for 2050 (elevated litter) on litter decomposition
and on fungal activity and assemblage structure. Litter
decomposition rates and fungal respiration rates were sig-
nificantly faster at 10 than at 5C, but they were not
affected by litter quality. Litter quality affected mycelial
biomass accrual at 5 but not at 10C, while increases in
temperature stimulated biomass accrual on ambient but not
on elevated litter. A similar pattern was observed for
conidial production. All variables were stimulated on ele-
vated litter at 10C (future scenario) compared with
ambient litter at 5C (present scenario), but interactions
between temperature and litter quality were additive.
Temperature was the factor that most strongly affected the
structure of aquatic hyphomycete assemblages. Our results
indicate that if future increases in atmospheric CO2 lead to
only slight modifications in litter quality, the litter
decomposition and fungal activities and community struc-
ture will be strongly controlled by increased water tem-
perature. This may have serious consequences for aquatic
systems as faster litter decomposition may lead to food
depletion for higher trophic levels.
Keywords Aquatic hyphomycetes  Atmospheric CO2 
Ecosystem functioning  Global change  Interactive effects
Introduction
In temperate regions, small woodland streams constitute
more than 80% of the length of hydrological networks
(Alan and Castillo 2007). These are usually cold water,
light-limited streams in which allochthonous organic mat-
ter constitutes the major source of energy and carbon
(C) (Vannote et al. 1980). As a consequence, aquatic
communities in these streams are highly sensitive to
changes in water temperature (Poff et al. 2002), litter
seasonality, and the quantity and quality of litter inputs,
which constitute the basal resource of aquatic food webs
(Cummins and Klug 1979).
The predicted doubling of atmospheric carbon dioxide
(CO2) concentration up to the end of this century will result
in a 1.1–6.4C increase in global air temperature (Solomon
et al. 2007). This increase will be paralleled by similar
increases in stream water temperature (Eaton and Scheller
1996), with consequences on biological processes and eco-
system functions (Brown et al. 2004). Litter decomposition
may be particularly affected, since increased water temper-
ature stimulates litter mass loss directly by promoting
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leaching (Chergui and Pattee 1990) and indirectly by
enhancing litter consumption by shredding invertebrates
(Gonza´lez and Grac¸a 2003). Higher temperatures stimulate
fungal production (mycelia and conidia) by some species of
aquatic hyphomycetes cultivated individually (Chauvet and
Suberkropp 1998; Rajashekar and Kaveriappa 2000; Dang
et al. 2009), which can also enhance decomposition (Ferreira
and Chauvet 2011). However, since temperature tolerance
ranges are species specific (Rajashekar and Kaveriappa
2000), and the effect of water temperature changes on
interspecific interactions is mostly unknown (Webster et al.
1976), it is difficult to anticipate the impact of global
warming scenarios on decomposition processes.
To complicate the matter further, increased atmospheric
CO2 concentration might also lead to delayed litter fall,
increased litter production, and decreased litter quality
(King et al. 2001; Stiling and Cornelissen 2007; Taylor
et al. 2008). Most studies examining the effect of elevated
CO2 concentrations on tree leaf chemistry report a decrease
in nutrient concentration [mostly nitrogen (N)] and an
increase in structural and secondary compounds, resulting
in an altered nutritional quality (higher C/N) of these leaves
compared to leaves grown under ambient CO2 concentra-
tion (Cotrufo et al. 1998; Norby et al. 2001; Stiling and
Cornelissen 2007). The lower nutritional quality of leaves
grown under elevated CO2 atmosphere should be reflected
in leaf litter, since increased atmospheric CO2 does not
seem to affect the readsorption efficiency of nutrients
during senescence (Norby et al. 2000, 2001; King et al.
2001). These results imply that, under a climate change
scenario, higher amounts of lower quality litter might enter
streams later in the year.
Decreased leaf litter quality might negatively affect
aquatic communities, as these are known to colonize high-
quality litter faster than low-quality litter, and to be more
active on the former (Gessner and Chauvet 1994).
Although most comparisons have been done among litter
species differing in nutritional quality, this should also hold
true between genotypes within the same species (LeRoy
et al. 2007) or trees from the same species grown under
different environmental conditions (Cotrufo et al. 1995;
Lecerf and Chauvet 2008). A CO2-induced decrease in
litter quality might therefore affect its use by aquatic
decomposers and, thereby affect litter decomposition.
However, to date, only a few studies have addressed this
question (Tuchman et al. 2002, 2003b; Rier et al. 2002,
2005; Kelly et al. 2010), and in all of these studies CO2-
induced changes in litter quality were considered irre-
spective of variations in temperature, despite the fact these
two factors vary simultaneously.
Since a CO2-induced increase in water temperature and
decrease in litter quality might have contradictory effects
on decomposers and litter decomposition, the extent to
which they interact with each other is unknown. This lack
of knowledge makes responses of ecosystem processes
rates under future climate change scenarios difficult to
predict unless the combined effects of global change fac-
tors on communities and processes are examined. In the
study reported here, we assessed the individual and inter-
active effect of CO2-induced changes in water temperature
(two levels) and alder litter quality (two types) on litter
decomposition and the associated aquatic hyphomycetes
activity and assemblage structure in microcosms. Based on
the effects of each factor individually, we predicted (1)
lower fungal performance on, and slower decomposition of
alder litter produced under elevated CO2 than under
ambient atmosphere because of the predicted decrease in
litter quality under elevated CO2, and (2) higher fungal
performance and faster decomposition at higher water
temperature due to the predicted increase in metabolic
activities with increased temperature. Also, (3) if quality
markedly differs between the two litter types (ambient vs.
elevated), then higher differences in fungal performance
and litter decomposition would be expected between litter
types at higher versus lower temperature, since metabolic
activity might become nutrient limited at higher tempera-
ture (Ferreira and Chauvet 2011). Finally, (4) the extent to
which the stimulatory effect of increased temperature on
fungal performance and litter decomposition would be
compensated by decreases in litter quality depends on the
differences between litters and on the interaction between
litter quality and temperature.
Materials and methods
Fungal species assemblage
An assemblage of six species of aquatic hyphomycetes was
used, as representative of fungal diversity found on a single
leaf decomposing in natural streams (Ba¨rlocher 1992):
Articulospora tetracladia Ingold, Clavariopsis aquatica de
Wildeman, Heliscus lugdunensis Saccardo and The´rry,
Lemonniera terrestris Tubaki, Tetracladium marchalianum
Ingold, and Tetrachaetum elegans Ingold. Strains were
isolated from single conidia trapped in naturally occurring
foam collected from streams in southern France. Growing
colonies were kept at room temperature in 9-cm-diameter
petri dishes containing approximately 10 mL of growth
medium (2% malt and 2% agar) until they were used to
induce conidial production. Conidial inoculations (\1 day
old) were produced at 15C by agitation of agar plugs taken
from the leading edge of growing colonies, in 25 mL of
distilled water or nutrient solution [100 mg CaCl22H2O,
10 mg MgSO47H2O, 0.5 g 3-morpholinopropanesulfonic
acid (MOPS), 5.5 mg K2HPO4, and 100 mg KNO3 per liter
of sterile distilled water], on an orbital shaker (100 rpm).
An aliquot of each specific conidial suspension, based on
conidial numbers, was used to make a combined conidial
suspension to inoculate each experimental microcosm.
Leaf litter, microcosms, and experimental set-up
Alder (Alnus glutinosa (L.) Gaertner) litter produced under
ambient and elevated CO2 atmosphere were provided by
the Bangor FACE project (Bangor, UK). In this project,
trees were planted in March 2004 and grown under either
ambient atmosphere (present CO2 level: 380 ppm; hereaf-
ter called ‘‘ambient’’ litter) or elevated CO2 atmosphere
(predicted CO2 level by 2050: 580 ppm; hereafter called
‘‘elevated’’ litter), from April 2005 until August 2008;
within each CO2 level, trees were planted in four different
areas to account for location variability. Both litters were
collected after abscission in autumn 2007, air dried at room
temperature, and stored in paper bags until experimental
use.
Leaf litter was moistened with distilled water and left to
rehydrate for 0.5–1 h. Litter discs were obtained using a
12-mm-diameter cork borer and oven dried ([3 days at
105C). Sterile litter discs were used in this experiment to
prevent microbial contamination (as litter is expected to
carry its own biological community) from confounding the
possible effects of the factors under study. However, any
sterilization method (e.g., autoclave, UV-C radiation) can
potentially alter the litter quality, which would be of minor
importance if litter quality was not one of the factors of
interest. Thus, several tests were performed, followed by
determination of the phosphorus (P), N, and C concentra-
tions in litter discs, to select the best sterilization method,
so that the relative difference in chemical quality would be
maintained between litters. Twelve batches of 20 oven-dry
litter discs from each area (n = 4) within each CO2 level
were split into groups of three and (1) used to determine the
initial chemical quality of the litter discs, (2) incubated in
glass tubes with 10 mL of distilled water for 1 day at 10C,
(3) placed in glass tubes with 10 mL of distilled water and
autoclaved (20 min at 121C), and (4) irradiated with UV-
C light in a sterile laminar flow cabinet for 1 day (being
turned over several times so that both sides of the litter
discs would be irradiated), and then incubated in glass
tubes with 10 mL of distilled water for 3 h at 10C. After
treatments (1–4), litter discs were oven-dried (24 h at
105C), grinded using a mortar and pestle, and the powder
weighed (±0.1 mg) and analyzed for P (APHA 1998), N
and C (NA 2100 Protein, CE Instruments; ThermoQuest,
Milan, Italy). The results were expressed as % litter dry
mass (DM).
Specific leaf area (SLA), as a measure of thickness
given by the area-to-mass ratio, was determined on batches
of 20 individual, oven-dried litter discs (diameter 12 mm).
Determinations were performed for each area within each
CO2 level, and the results were expressed as millimeter
squared per milligram.
Forty-eight batches of 20 oven-dry litter discs were
weighed (±0.1 mg) to determine the initial DM, placed
inside glass tubes with 10 mL distilled water, and auto-
claved (20 min at 121C; see above). Twenty-four batches
of 20 litter discs were subjected to the same treatment and
were used to calculate the correction factor for mass loss
due to leaching during sterilization.
Alder litter discs were incubated in laboratory micro-
cosms designed to simulate stream conditions (Suberkropp
1991). Each microcosm consisted of a 50-mL glass chamber
aerated from the bottom by a continuous air flow
(80–100 mL min-1), which created turbulence and kept the
litter discs in permanent agitation. A tap at the bottom
allowed for the aseptic drainage of the chamber and recovery
of the conidial suspension without removing litter discs.
Fresh nutrient solution was added to microcosms through the
open top, which was otherwise covered with a glass cap.
Incubations took place at 5C to simulate the actual
water temperature in temperate mountain streams in win-
ter, and at 10C to simulate predicted stream water tem-
perature under a future climate warming scenario. The 5C
increase in water temperature is within that predicted for
streams in the USA under a warming scenario (Eaton and
Scheller 1996). In some areas of the world, air temperature
is predicted to increase up to 7C (e.g., Portugal; Miranda
et al. 2002); consequently a 5C increase in water tem-
perature in temperate streams is realistic. Forty-eight ster-
ilized (30 min at 121C) microcosms were distributed into
two temperature-controlled chambers, the corresponding
sterile litter discs were added, and the microcosms were
then filled with 40 mL of a nutrient solution (100 mg
CaCl22H2O, 10 mg MgSO47H2O, 0.5 g MOPS, 0.055 mg
K2HPO4 and 1 mg KNO3 per liter of sterile distilled water)
and aerated. After 24 h, the solution was changed and the
microcosms inoculated with a total of 5,000 conidia
equally partitioned among all species of the aquatic
hyphomycete assemblage. For the first 2 h, the microcosms
were aerated for periods of 20 min interspaced with peri-
ods of 20 min in which the conidia were allowed to settle.
The microcosms were then aerated continuously until the
end of the experiment. The nutrient solution was replaced
after 24 h and then every 3 days for the duration of the
experiment (73 days). All manipulations of microcosms
took place in a sterile laminar flow cabinet.
Fungal sporulation
Four microcosms (one for each area of litter origin) from
each temperature 9 litter quality treatment were sacrificed
after 19, 43, and 73 days. The conidial suspensions were
poured into 50-mL Falcon tubes; the volume was adjusted
to 42 mL with distilled water and 3 mL of 37% formalin
was added as a preservative. In preparation for conidia
counting and identification, Triton X-100 (0.5%) was
added to the suspensions, followed by mixing to ensure a
uniform distribution of conidia; an aliquot of the suspen-
sions was then filtered (SMWP, pore size 5 lm; Millipore,
Bedford, MA). Filters were stained with 0.05% trypan blue
in 60% lactic acid, and spores were identified and counted
under a compound microscope at a magnification of 3209
(Ba¨rlocher 2005). Sporulation rates were expressed as
milligram conidial C per gram litter C per day. Conidial
DM was calculated by multiplying the number of conidia
from each species by the average mass of individual con-
idia (based on data reported in the literature; Chauvet and
Suberkropp 1998) or calculated from biovolume data
assuming 70% water content (Ba¨rlocher and Schweizer
1983). Conidial and litter C mass was calculated assuming
a 50% C content of conidia and litter DM, respectively
(Gulis and Suberkropp 2003). In addition, for the 16
microcosms that were sacrificed by day 73, the conidial
suspensions were sampled each time the nutrient solution
was changed (every 3 days), collected into 1-L jars, and
preserved with 37% formalin. Preparation for conidia
counting and identification were as described above, and
the results were expressed as the total number of conidia
produced per microcosm.
Fungal respiration
A subset of five litter discs from each sacrificed microcosm
was used to determine fungal oxygen consumption rates
using a closed 6-channel dissolved oxygen measuring
system (Strathkelvin 928 System; Strathkelvin Instruments,
North Lanarkshire, Scotland) connected to a computer. The
oxygen electrodes were calibrated against a fresh 4%
sodium sulfite solution [0% oxygen (O2)], and a 100% O2-
saturated nutrient solution at the target temperature. Litter
discs were incubated in 3-mL chambers containing a 100%
O2-saturated nutrient solution, with constant stirring, and
kept at the target temperature of 5 or 10C by the circu-
lation of water originating from a temperature-controlled
water bath. O2 consumption rates were determined by the
difference in the oxygen concentration in the sample and
the control over a 20-min interval during which O2 con-
sumption over time was linear, corrected for the chamber’s
volume, time, and disc mass. After a 1-h incubation, the
litter discs were enclosed in small sterile zip lock bags and
promptly frozen at -20C for storage until remaining DM
determination and ergosterol extraction (see below). O2
consumption rates were converted into C production rates
considering a 50% C content of litter DM and a respiratory
quotient of 1 (Gulis and Suberkropp 2003; Ferreira and
Chauvet 2011). The results were expressed as milligram C
per gram litter C per hour.
Litter mass loss and mycelial biomass
The remaining 15 litter discs from each microcosm were
enclosed in small sterile zip lock bags and promptly frozen
at -20C. All 20 litter discs from each microcosm were
combined, lyophilized, and weighed (±0.1 mg) to deter-
mine remaining DM and subsequently used for ergosterol
extraction as a surrogate for mycelial biomass (Gessner and
Chauvet 1993; Gessner 2005). Ergosterol was extracted in
5 mL of KOH/methanol (8 g L-1) for 30 min at 80C. The
extract was then purified by solid phase extraction (Waters
Oasis HLB 3 cc cartridges; Waters Corp, Milford, MA;
Gessner 2005) and quantified with high-performance liquid
chromatography (HPLC pump 422, HPLC detector 432,
HPLC autosampler 360; Kontron Instruments, Neufahru,
Germany) by measuring absorbance at 282 nm. The HPLC
detector was equipped with a FLT 0.5-lm A-316 precol-
umn (Upchurch Scientific, Oak Harbour, WA) and a
LispRP 18–5 250 9 4.6-mm column (Thermo-Hypersil
Keystone, Bellefonte, PA) maintained at 33C. The mobile
phase was 100% methanol, and the flow rate was set to
1.4 mL min-1. The relative contribution of each species to
total ergosterol mass was estimated based on the specific
contribution to total conidial mass production. Ergosterol
mass was converted into mycelial biomass using either
specific conversion factors for A. tetracladia (5.0 lg
ergosterol mg-1 mycelial biomass), C. aquatica (8.0),
L. terrestris (5.3), T. elegans (2.9), and T. marchalianum
(2.6), or the overall conversion factor for H. lugdunensis
(5.5 lg ergosterol mg-1 mycelial biomass; no specific
conversion factor available) (Gessner and Chauvet 1993).
The results were expressed as milligram mycelial C per
gram litter C, considering a 50% C content of mycelial and
litter DM.
Fungal C budget
Fungal C budgets were calculated assuming a 50% C
content of litter, conidial and mycelial DM and a respi-
ratory coefficient of 1 (Gulis and Suberkropp 2003;
Ferreira and Chauvet 2011). The amount of initial litter C
converted into conidia C by the end of the experiment
was estimated by multiplying the specific number of
conidia accumulated each 3 days over the experiment by
the average mass of individual conidia obtained from the
literature (Chauvet and Suberkropp 1998) or calculated
from biovolume data (Ba¨rlocher and Schweizer 1983).
The amount of initial litter C converted into mycelial C
was estimated for the date when maximum biomass was
recorded (day 73). The amount of initial litter C con-
verted into CO2-C was estimated by summing up values
of daily CO2-C, assuming linearity between sampling
dates. Fractions of initial litter C converted into conidia,
mycelia or mineralized where calculated as C converted
by a given fungal activity 9 100/total litter C loss. The
difference between total litter C loss and the C loss due to
overall fungal activities was attributed to the release of
fine particulate organic matter (FPOM) and dissolved
organic matter (DOM).
Data analysis
Phosphorus, N, and C concentrations of initial, leached,
autoclaved, and irradiated alder discs, and the initial SLA
were compared between ambient and elevated litter by
t tests. The relationship between SLA and litter P, N, and C
was assessed by linear regression.
Exponential decomposition rates (k) of alder discs were
calculated by linear regression of ln-transformed fraction
of remaining C mass over time, with the intercept fixed at
0. Slopes were compared among treatments by analysis of
covariance (ANCOVA), with time as the continuous vari-
able and temperature and litter quality as categorical
variables (Zar 1999).
Fungal respiration rate, biomass, and sporulation rate
from sacrificed microcosms were compared among treat-
ments by three-way analyses of variance (ANOVAs); time,
temperature, and litter quality as categorical variables).
Total and specific cumulated number of conidia per
microcosm, and litter C fractions converted into mycelial
C, conidial C, and CO2-C were compared among treat-
ments by two-way ANOVAs (temperature and litter quality
as categorical variables).
Aquatic hyphomycete assemblages associated with alder
discs were compared among treatments by principal
response curve (PRC) analysis, which is a constrained form
of principal component analysis (ter Braak and Smilauer
1998). The analysis output is a graph with time on the
x axis and the principal responses, i.e., compositional dif-
ferences of treatments (5C, elevated; 10C, ambient;
10C, elevated) against the control (5C, ambient), dis-
played on the y axis. Species scores reflect the contribution
of each species to the overall community response as
described by the PRCs (CANOCO for Windows 4.5;
Microcomputer Power, Ithaca, NY; ter Braak and Smilauer
1998).
Data were log (x ? 1) transformed when necessary to
achieved normality and homoscedasticity. Tukey’s test was
used for post hoc comparisons. All analyses were per-
formed with STATISTICA v7 software (StatSoft, Tulsa,
OK), unless otherwise indicated.
Results
Litter chemical quality and specific leaf area
Litter produced under elevated CO2 atmosphere had 41%
lower initial P concentration than litter produced under
ambient atmosphere (t test, P = 0.001). Growth conditions
did not affect litter initial N (t test, P = 0.922) or C con-
centration (P = 0.114; Table 1).
Litters lost 46–63% of their initial P concentration after
leaching for 1 day or autoclaving; however, the relative
difference in P concentration between litters was main-
tained (36 and 31% for leaching and autoclaving, respec-
tively; t test, P \ 0.005; Table 1). Leaching led to a 40%
decrease in initial N concentrations, while autoclaving
resulted in a 6–8% increase; this did not affect the initial
differences between litters (t test, P [ 0.672; Table 1).
Leaching and autoclaving increased the initial C concen-
tration by 0.7–2.8%, and differences between litters
became significant (t test, P \ 0.022; Table 1).
Irradiating litter with UV-C light led to smaller
decreases in initial P concentration compared with leaching
or autoclaving, while the differences between litters
remained significant (t test, P \ 0.004; Table 1). However,
the relative difference in N (t test, P = 0.018) and C
concentration (t test, P = 0.020; Table 1) was altered
between litters.
Summarizing, autoclaving the litter led to changes in
chemical composition that mimicked those due to leaching
and maintained the relative differences in P and N between
litters, while irradiation changed the relative differences in
chemical composition between litters. Autoclaving was
therefore chosen as the sterilization method.
Contrary to expected, SLA was higher for elevated than
for ambient litter (14.1 vs. 17.3 mm2 mg-1; t test,
P \ 0.001). SLA and P concentration were negatively
related (linear regression, P = 0.016, R2 = 0.65, n = 8).
Litter decomposition
Alder litter discs lost between 26 and 44% of their initial C
mass after being incubated in microcosms for 73 days
(Fig. 1a), which resulted in decomposition rates between
0.0043 and 0.0075 day-1 (Table 2). There was a tendency,
although non-significant (Tukey’s test, P [ 0.459), for
elevated litter to decompose faster than ambient litter at
both temperatures. The increase in water temperature by
5C significantly stimulated decomposition of both litters
(P \ 0.009). Elevated litter incubated at 10C (future
global change scenario) also decomposed faster than
ambient litter incubated at 5C (present scenario) (Tukey’s
test, P \ 0.001; Table 2).
Fungal respiration, biomass, and sporulation
Maximum values of fungal respiration (0.029–0.030 mg C
g-1 C h-1; Fig. 1b), mycelial biomass (72–82 mg C g-1 C;
Fig. 1c) and sporulation rates (0.08–0.11 mg C g-1 C
day-1; Fig. 1d) were attained at 10C. Litter quality did not
affect respiration rates at any temperature (Tukey’s test,
P [ 0.299), while it affected mycelial biomass accrual and
sporulation rates at 5C only (P = 0.044 and P = 0.023,
respectively; Table 3). The increase in water temperature
by 5C stimulated fungal respiration and sporulation rates
on both litters (Tukey’s test, P \ 0.037) and increased
biomass accrual on ambient litter only (P \ 0.001;
Table 3). Mycelial biomass and sporulation rates were also
higher on elevated litter at 10C (future global change
scenario) than on ambient litter at 5C (present scenario)
(Tukey’s test, P \ 0.001; Table 3).
Fungal C budget
Litter C loss due to conidial production, although low
(\1.2%), was higher at 10C than at 5C on both litters
(Tukey’s test, P \ 0.009) and higher on elevated litter at
10C than on ambient litter at 5C (P = 0.034; Fig. 2;
Table 4). C loss due to mycelial production was similar
among treatments (15–22%; 2-way ANOVA, P [ 0.050),
while C loss due to mineralization varied between 15 (5C,
elevated) and 29% (10C, ambient) and was higher on
ambient than on elevated litter at both temperatures (Tu-
key’s test, P \ 0.041) and higher on elevated litter at 10C
than at 5C (P = 0.004; Fig. 2; Table 4). C loss explained
by overall fungal activities varied between 31 (5C, ele-
vated) and 52% (10C, ambient) of total C loss and tended
to be higher at higher temperature and for ambient litter,
although significant differences were found only between
elevated and ambient litter at 5C (P = 0.043; Fig. 2;
Table 4). C loss as fine particulate organic matter (FPOM)
and dissolved organic matter (DOM) varied between 48
(10C, ambient) and 69% (5C, elevated).
Aquatic hyphomycete assemblages
Aquatic hyphomycete assemblages on both ambient and
elevated litter at 10C were most dissimilar from those on
ambient litter at 5C (control; Fig. 3a), indicating that
temperature was more important than litter quality in
structuring fungal assemblages. Temperature and litter
quality treatments explained 49.3%, while time explained
22.3% of the variability among samples (Monte Carlo
permutation, P = 0.002). C. aquatica was the species that
was most related to the pattern shown by the PRCs, fol-
lowed by T. elegans and L. terrestris, suggesting that these
species were the ones most stimulated by increases in
temperature (Fig. 3b, c).
The total number of conidia produced per microcosm
during the incubation period varied between 91,200 (5C,
elevated) and 1,018,726 (10C, ambient; Table 5). There
was no effect of litter quality on total conidial production at
either temperature (Tukey’s test, P [ 0.276). Contrary, the
number of conidia was six and ninefold higher at 10 than at
5C on ambient and elevated litter, respectively (Tukey’s
test, P \ 0.002). There were species specific differences in
conidial production among treatments. C. aquatica (101
fold; Tukey’s test, P = 0.008), T. elegans (45; P = 0.008),
T. marchalianum (22; P = 0.003) and L. terrestris (5;
P = 0.011) had higher conidial production on elevated
litter at 10 than at 5C; the same discrepancies, although
with different proportions, were also observed on ambient
Table 1 Phosphorus, nitrogen, and carbon concentrations of initial, leached, autoclaved and UV-C irradiated alder discs produced under
ambient or elevated carbon dioxide concentrations
Litter state Litter qualitya P (% DM) N (% DM) C (% DM)
Initial Ambient 0.25 ± 0.02 a 3.37 ± 0.06 a 49.9 ± 0.1 a
Elevated 0.15 ± 0.02 b 3.35 ± 0.11 a 49.5 ± 0.2 a
Leached Ambient 0.12 ± 0.01 a 2.03 ± 0.10 a 51.0 ± 0.2 a
Elevated 0.08 ± 0.01 b 2.02 ± 0.19 a 49.9 ± 0.2 b
Autoclavedb Ambient 0.09 ± 0.01 a 3.58 ± 0.08 a 51.3 ± 0.1 a
Elevated 0.07 ± 0.01 b 3.63 ± 0.11 a 50.7 ± 0.2 b
UV-C irradiated Ambient 0.23 ± 0.01 a 3.54 ± 0.09 a 50.6 ± 0.1 a
Elevated 0.16 ± 0.02 b 3.21 ± 0.10 b 49.9 ± 0.3 b
Values are given as the mean concentration ± 1 standard error (SE). Values within the same treatments (column) and litter state (row) followed
with the same letter are not significantly different (t test, P [ 0.05)
P phosphorus, N nitrogen, C carbon, CO2, carbon dioxide, DM dry mass
a Ambient, ambient atmosphere (present CO2 level: 380 ppm); elevated, elevated CO2 atmosphere (predicted CO2 level by 2050: 580 ppm)
b Chosen sterilization method
litter between 10 and 5C (Table 5). Conversely, differ-
ences between species contribution among litter quality
treatments were generally weak. These changes translated
into shifts in the assemblages’ structure with A. tetracladia
and L. terrestris co-dominating at 5C and C. aquatica and
L. terrestris (together with T. marchalianum on ambient
litter) dominating at 10C (Fig. 3c).
Discussion
The future increase in water temperature and alterations in
litter quality that are anticipated due to the predicted
increase in atmospheric CO2 levels are expected to affect
small woodland streams, where the water temperature is
usually low and food webs strongly depend on the terres-
trial litter input (Vannote et al. 1980). To the best of our
knowledge, no study has yet assessed the combined effects
of increased water temperature and changes in litter quality
on aquatic microbial communities and processes. Here, we
have attempted to fill this gap by assessing the performance
of aquatic hyphomycetes, the most important group of
microorganisms involved in litter decomposition in fresh-
waters (Weyers and Suberkropp 1996), when submitted to
changes in both water temperature and litter quality, as
those expected in a future climate change scenario. In such
a scenario (10C, elevated litter), decomposition rates and
all fungal variables increased, although not more than
expected from the individual effects of temperature and
litter quality, indicating additive effects. Increased water
temperature was, however, the most important factor
driving responses of fungal activities and decomposition
rates. The possibility that the effect of decreased litter
quality can to some degree compensate for the effect of
increased water temperature on litter mass loss probably
depends on the litter species and on the extent to which
litter chemistry and toughness are modified by increased
CO2. In this study, ambient and elevated litter apparently
differed only in P concentration, which can be considered a
small difference compared with the discrepancies in N and
C often reported in the literature (Cotrufo et al. 1998;
Norby et al. 2001; Stiling and Cornelissen 2007).
Growing alder leaves under elevated CO2 atmosphere
resulted in a 41% decrease in litter P concentration. This
was a surprising result since trees grown under elevated
CO2 tend to have faster growth rates than those grown
under ambient CO2 (Curtis and Wang 1998) and should
therefore have higher P demands and sequestration.
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Fig. 1 Remaining alder leaf litter mass (a), fungal respiration rate
(b), mycelial biomass (c), sporulation rate (d) associated with alder
discs produced under ambient (present CO2 level: 380 ppm) or
elevated (predicted CO2 level by 2050: 580 ppm) CO2 concentrations
and incubated in microcosms at 5 and 10C for 73 days. Data are
presented as the mean ± 1 standard error (SE)
Table 2 Exponential decomposition rates of alder discs produced
under ambient or elevated CO2 concentrations and incubated in
microcosms at 5 and 10C for 73 days, standard error and coefficient
of determination of the regression
Temperature (C) Litter quality k (day-1) Standard error R2
5 Ambient 0.0043 a 0.0003 0.72
Elevated 0.0052 a,b 0.0003 0.81
10 Ambient 0.0067 b,c 0.0005 0.76
Elevated 0.0075 c 0.0004 0.84
Values (treatments) followed by the same letter are not significantly
different (Tukey’s test, P [ 0.05)
k exponential decomposition rate
However, alder trees might have invested more in the
growth of fine roots than in that of leaves, diverting P from
the latter to the former (Rey and Jarvis 1997). Similar
decreases in P concentration in leaf litter grown under
elevated CO2 levels have been reported for Quercus
pubescens (60%, Cotrufo et al. 1999) and Betula pendula
(30%, Ferreira et al. 2010). Additionally, elevated CO2 is
most often reported to lead to decreases in N concentration
in leaves (Cotrufo et al. 1998), although for N-fixers, the
opposite trend might occur (Vogel et al. 1997). Neither of
these patterns was observed in our study as both litters
presented similar N concentrations, which might be
attributed to alder being an N-fixing species (Cotrufo et al.
1998; Temperton et al. 2003). The small differences in
litter quality between CO2 levels in this study might also be
partially explained by the conditions in which the alder
trees grew. The elevated CO2 concentration used in our
study was intended to reproduce the concentration pre-
dicted by 2050, i.e., 580 ppm, which is lower than the
concentrations that have been used in most studies per-
formed to date (e.g., 600–1200 ppm; Cotrufo et al. 1998).
Also, the free air CO2 enrichment technology used in our
study has been reported to produce less strong effects on
plant responses than those observed when plants are grown
in enclosures (e.g., open top chambers, solar domes),
indicating the potential for artifacts associated with
enclosures (Norby et al. 2001). Even though the differences
in quality between ambient and elevated litter were not
those that had been anticipated, elevated litter was of
poorer nutrient quality, given that P is frequently the lim-
iting nutrient for microbial growth (Francoeur 2001;
Rosemond et al. 2002; Elser et al. 2007). Therefore, ele-
vated litter was expected to have a lower fungal activity
and decomposition rate than ambient litter (Gessner and
Chauvet 1994). However, contrary to the findings reported
for most studies, namely, an increased leaf thickness when
Table 3 Summary table for three-way ANOVAs performed on microbial variables associated with alder discs produced under ambient or
elevated CO2 concentrations and incubated in microcosms at 5 and 10C for 73 days
Analysis Fungal respiration rate Mycelial biomass Sporulation rate
df F P df F P df F P
Three-way ANOVA
Intercept 1 244.7 \0.001 1 5,492.0 \0.001 1 1,575.5 \0.001
Temperature 1 25.7 \0.001 1 34.7 \0.001 1 112.9 \0.001
Litter quality 1 2.9 0.095 1 2.8 0.103 1 4.1 0.051
Time 2 2.7 0.085 2 40.5 \0.001 2 39.2 \0.001
Temperature 9 litter quality 1 0.2 0.636 1 4.7 0.037 1 5.1 0.031
Temperature 9 time 2 5.6 0.008 2 3.0 0.061 2 3.0 0.064
Litter quality 9 time 2 2.1 0.132 2 3.3 0.047 2 3.9 0.029
Temperature 9 litter quality 9 time 2 0.7 0.495 2 2.8 0.076 2 10.9 \0.001
Error 34 35 36
Tukey’s testa
5C, ambient a,b a a
5C, elevated a b b
10C, ambient c b c
10C, elevated b,c b c
Data are from sacrificed microcosms
ANOVA analysis of variance
a Tukey’s test results are presented, with treatments with the same letter not being significantly different (P [ 0.05)
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Fig. 2 Litter mass loss due to fungal activities of alder discs
produced under ambient or elevated CO2 concentrations and
incubated in microcosms at 5 and 10C over 73 days. Data are
presented as the mean ± 1 standard error (SE)
leaves are grown under elevated CO2 (Stiling and Corne-
lissen 2007; but see Heagle et al. 2002), we found that the
SLA was higher on elevated litter than on ambient litter.
This result, associated with the fact that SLA was nega-
tively related to litter P concentration, might to some extent
compensate for the negative effects expected from poorer
nutrient quality on fungal performance and litter decom-
position (see below).
Aquatic organisms, however, are not usually exposed to
the initial chemical composition of the litter since once in
water litter starts to leach soluble compounds and its
chemical composition changes (Gessner et al. 1999).
Changes in quality after leaching for 1 day were also
observed in our litter. Since litter discs had to be sterilized,
autoclaving was the chosen method because it simulated
the leaching process, which would be intensive during the
first 24–48 h of litter submersion, and it maintained the
relative difference in quality between litters. Incubation of
ambient and elevated leaf litter in streams is associated
with changes in litter quality, with some studies reporting
that the relative difference in initial chemical composition
between litters disappeared (Rier et al. 2002, 2005; Adams
et al. 2003; Tuchman et al. 2003b), was maintained
(Tuchman et al. 2002, 2003a; Adams et al. 2003; Ferreira
et al. 2010), or was even amplified (Rier et al. 2005).
Litter decomposition rates increased by more than 30%
with a 5C increase in water temperature, but they were
insensitive to litter quality. Faster litter decomposition rates
at higher temperatures have been documented in aquatic
and terrestrial systems (Irons et al. 1994; Aerts 2006; Dang
et al. 2009; Ferreira and Chauvet 2011) and can be
explained by stimulated biological activity (Fabre and
Chauvet 1998; Dang et al. 2009; Ferreira and Chauvet
2011; see below). The anticipated lower decomposition
rates of elevated litter due to its lower P concentration were
not observed and might be attributed to a trade-off between
lower litter P concentration, which would reduce the nutri-
tional quality of the litter, and lower litter toughness, which
would facilitate mycelial colonization. Litter toughness has
been shown to determine litter decomposition rates, some-
times even overcoming the importance of litter chemistry
(Quinn et al. 2000; Li et al. 2009). The few studies
addressing the effects of changes on litter quality induced by
increases in atmospheric CO2, on aquatic microbial com-
munities and litter decomposition have shown that these
effects are stronger at early stages of litter decomposition
than at later stages, when secondary compounds have been
leached; however, overall they remain weak and species-
dependent (Rier et al. 2002, 2005; Tuchman et al. 2003b;
Kelly et al. 2010). Evidence from terrestrial systems also
indicates that the effects of elevated CO2 on litter quality are
species specific and not always translated into differences in
litter decomposition rates (Gorissen and Cotrufo 2000; King
et al. 2001; Norby et al. 2001).
Fungal respiration rates, a measure of overall activity,
were stimulated at 10C, as expected, since increases in
temperature within a non-stressful range stimulate enzy-
matic activities (Bekku et al. 2003). To the contrary, the
similarity in respiration rates between litters might indicate
that differences in litter quality were not strong enough or
that litter quality was not the most important factor driving
microbial activities. Microbial activity has been reported to
be higher on ambient litter than on elevated litter when
there is a difference in quality (Rier et al. 2002; Tuchman
et al. 2003b). This indicates that microbial activity sensi-
tivity to temperature is not always dependent on litter
Table 4 Summary table for two-way ANOVAs performed on the fraction of litter C lost due to fungal activities on alder discs produced under
ambient or elevated CO2 concentrations and incubated in microcosms at 5 and 10C for 73 days
Analysis Litter C loss due to
conidial production
Litter C loss due to
mycelial production
Litter C loss due to
mineralization
Litter C loss due to overall
fungal activities
df F P df F P df F P df F P
Two-way ANOVA
Intercept 1 72.6 \0.001 1 222.5 \0.001 1 1,335.2 \0.001 1 660.7 \0.001
Temperature 1 56.8 \0.001 1 0.2 0.681 1 23.9 \0.001 1 6.1 0.029
Litter quality 1 6.0 0.033 1 4.7 0.050 1 33.2 \0.001 1 15.5 0.002
Temperature 9 litter quality 1 1.4 0.259 1 0.0 0.881 1 2.0 0.187 1 0.2 0.705
Error 11 12 12 12
Tukey’s testa
5C, ambient a a ab a
5C, elevated a a c b
10C, ambient b a b a
10C, elevated b a a ab
a Tukey’s test results are presented, with treatments with the same letter not being significantly different (P [ 0.05)
quality. This result is in contrast with reports from terres-
trial systems where differences in litter quality are high
(Conant et al. 2008a, b). The increase in CO2 release from
litter with increased temperature might have consequences
on the C cycle, leading to a positive feedback on global
warming (Knorr et al. 2005). The effect of elevated
temperature on the decomposition of litter submerged in
aquatic environments should therefore be taken into con-
sideration when the effects of CO2 release from decom-
posing litter are modeled on atmospheric CO2
concentrations.
As expected, mycelial biomass accrual and fungal
sporulation rates were stimulated by an increase in tem-
perature (Chauvet and Suberkropp 1998; Rajashekar and
Kaveriappa 2000; Dang et al. 2009; Ferreira and Chauvet
2011). At 5C, fungal biomass accrual and sporulation
were higher on ambient litter than on elevated litter, which
might indicate that on elevated litter, both variables were
more sensitive to decreased P concentration than to
decreased toughness. This result is probably due to the
increasing needs of P for nucleic acid production, which is
necessary to sustain higher mycelial and conidial produc-
tion. However, contrary to our expectations, differences in
biomass accrual and sporulation were greater between lit-
ters at 5C than between those at 10C. Since higher water
temperature resulted in stimulated fungal production, the P
demand for nucleic acid production should have been
higher to sustain higher mycelial and conidial production.
Given that P concentration was lower on elevated litter,
this should have translated into differences between litters
at 10C. At the lower water temperature, this P demand
would be low on both litters because growth was lower,
and elevated litter would therefore be able to support the P
demand for fungal production. The fact that the difference
between litters occurred only at 5C might be attributed to
the structure of the assemblages and the species-specific P
needs at 5 and 10C. Because a species such as T. elegans,
which dominates assemblages at 5C, but not 10C,
apparently behaves differently from other species in terms
of N and P use and requirements, as judged from pre-
liminary experiments (M Danger and E Chauvet, results
not shown), this may have resulted in the observed contrast
in response to litter quality at the two temperatures.
Fungal-induced mass loss was higher from ambient litter
than from elevated litter, likely due to differences in overall
fungal respiration, which was higher on the ambient litter.
In contrast, mass loss through FPOM and DOM release was
higher on elevated litter than on ambient litter, resulting in
similar amounts of mass being lost from the system
(mineralization, FPOM, and DOM) for both litters. In a
stream situation, this would mean, on one hand, that the
local invertebrate detritivores might not be strongly
affected by small changes in litter quality as the ones
reported here (but see Ferreira et al. 2010) while, on the
other hand, downstream communities in which collectors
become the dominant functional feeding group of inverte-
brates (Vannote et al. 1980) might be favored since the
release of FPOM from elevated litter might increase. The
higher levels of DOM leached from elevated litter might
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Fig. 3 a Principal response curves for aquatic hyphomycetes assem-
blages associated with alder discs produced under ambient or elevated
CO2 concentrations and incubated in microcosms at 5 and 10C for 73
days, b species scores (the higher the score, the more the species was
stimulated by the treatments), c relative contribution of each species
to the total conidial production. At Articulospora tetracladia Ingold,
Ca Clavariopsis aquatica de Wildeman, H1 Heliscus lugdunensis
Saccardo and The´rry, Lt Lemonniera terrestris Tubaki, Te Tetrachae-
tum elegans Ingold, Tm Tricladium marchalianum Ingold
also affect periphytic algal accrual and further affect
grazing invertebrates (Kominoski et al. 2007).
Litter quality did not affect the absolute or relative
specific conidial contribution to total conidial production,
probably because the differences between litters were
small. A recent study also found that fungal communities
were not affected by litter quality changes induced by
increased atmospheric CO2 (Kelly et al. 2010). However,
when differences in litter quality are greater, for example,
between litter species, aquatic hyphomycete community
structure can be affected (Gulis 2001; Ferreira et al. 2006).
In contrast, increased water temperature affected the
assemblage structure, as expected (Ba¨rlocher et al. 2008;
Dang et al. 2009; Ferreira and Chauvet 2011); this change
was due to species having temperature preferences (e.g.,
T. elegans and T. marchalianum were stimulated at higher
temperatures, Chauvet and Suberkropp 1998). These
effects of water temperature on the structure of assem-
blages help in explaining the higher litter decomposition at
10C since different species might differ in degradative
capabilities (Suberkropp et al. 1983). In streams, temper-
ature-induced changes in the structure of fungal assem-
blages might also indirectly affect litter decomposition
through their effects on shredding invertebrates. Shredders
exhibit preferences for certain species of aquatic hypho-
mycetes (Arsuffi and Suberkropp 1984) and derive a large
amount of energy from fungal mycelium (Chung and
Suberkropp 2009). Therefore, litter bearing preferred spe-
cies in higher amounts will be more palatable, resulting in
higher invertebrate-induced mass loss (Arsuffi and
Suberkropp 1989).
In conclusion, our results indicate that if increased
atmospheric CO2 concentration affects litter quality only
slightly, then litter decomposition and fungal activities and
community structure will be strongly controlled by the
future increase in water temperature. This may have serious
consequences for aquatic systems, as faster litter
decomposition will probably lead to food depletion at higher
trophic levels (Poff et al. 2002). The fast disappearance of
litter from the streambed can, however, be mitigated if
increases in atmospheric CO2 result in higher litter pro-
duction (Finzi et al. 2001; Stiling and Cornelissen 2007).
More studies on the effects of elevated CO2 on litter
quality and the decomposition rates of different litter spe-
cies are necessary to allow a better understanding of the
effects of this global change factor on aquatic communities
and ecosystem functioning. Since an increased atmospheric
CO2 concentration can also change plant phenology and
litter production, as well as co-vary with other environ-
mental factors, such as dissolved nutrients, multi-factor
experiments will likely provide a better picture of ecosys-
tem functioning under a future climate change scenario.
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